2 The abbreviations used are: MT, microtubule; 3R, three-repeat; 4R, four-repeat; AD, Alzheimer's disease; ALP, alkaline phosphatase; GSK3␤, glycogen synthase kinase 3␤; MTB, microtubule-binding repeat; MMI, 2-mercapto-1-methylimidazole; FTDP-17, frontotemporal dementia and parkinsonism linked to chromosome 17; P, postnatal day.
Tau is a microtubule (MT)-associated protein that regulates MT dynamics in the axons of neurons. Tau binds to MTs via its C-terminal MT-binding repeats.
There are two types of tau, those with three (3R) or four (4R) MT-binding repeats; 4R tau has a stronger MT-stabilizing activity than 3R tau. The MT-stabilizing activity of tau is regulated by phosphorylation. Interestingly, both the isoform and phosphorylation change at the time of neuronal circuit formation during postnatal development; highly phosphorylated 3R tau is replaced with 4R tau, which is less phosphorylated. However, it is not known how the transition of the isoforms and phosphorylation are regulated. Here, we addressed this question using developing mouse brains. Detailed analysis of developing brains revealed that the switch from 3R to 4R tau occurred during postnatal day 9 (P9) to P18 under the same time course as the conversion of phosphorylation from high to low. However, hypothyroidism, which is known to delay brain development, delayed the timing of tau dephosphorylation but not the exchange of isoforms, indicating that isoform switching and phosphorylation are not necessarily linked. Furthermore, we confirmed this finding by using mouse brains that expressed a single isoform of human tau. Human tau, either 3R or 4R, reduced phosphorylation levels during development even though the isoform did not change. We also found that 3R tau and 4R tau were phosphorylated differently in vivo even at the same developmental days. These results show for the first time that the phosphorylation and isoform alteration of tau are regulated differently during mouse development.
Tau is a microtubule (MT) 2 -associated protein that is primarily expressed in axons of neurons (1) (2) (3) . Tau plays a role in axonal elongation and maintenance via the assembly and stabilization of MTs (3, 4) . Tau is an extended molecule that is composed of an N-terminal projection domain and a C-terminal MT-binding repeat (MTB) region. Alternative mRNA splicing of N-terminal insertions and C-terminal MTBs produces six isoforms of tau, all of which are expressed in the adult human brain. In particular, the splicing of exon 10, which encodes the second MT-binding repeat, results in the generation of threerepeat (3R) or four-repeat (4R) tau (5) . 4R tau has a stronger MT-binding and assembly ability than 3R tau (6 -8) , indicating that they have distinct functions. Isoforms expressed in fetal and adult brains are different; 3R tau alone is expressed in fetal and early postnatal periods, whereas 4R tau is expressed in the adult mouse brain, and both 3R and 4R tau are expressed at a 1:1 ratio in an adult human brain (9 -14) . However, it is not known why the isoforms are changed and how the change is regulated.
Tau is phosphorylated at many sites by a variety of protein kinases (3, 15) . It is well documented that tau is hyperphosphorylated in Alzheimer's disease (AD) brains (1-3, 16 -20) . More than 40 abnormal phosphorylation sites have been identified in aggregated AD tau. Interestingly, tau is also highly phosphorylated in fetal and early postnatal brains, and the highly phosphorylated embryonic tau is changed to the less phosphorylated adult tau during brain development (4, 16, 21) . Phosphorylation regulates tau's function. Although a large number of studies have been performed on tau phosphorylation, why and how the phosphorylation states of tau decrease in accordance with the alteration from embryonic 3R tau to adult 4R tau are unknown.
The developmental changes of the isoforms and phosphorylation occur 2-3 weeks postnatally, and this time window corresponds to the critical period when neuronal plasticity is dramatically altered (22, 23) . Thyroid hormone is a factor that affects brains at that time. Its deficiency delays brain development, resulting in developmental diseases such as mental retardation (24, 25) . A pioneering experiment on the effect of hypothyroid conditions on tau expression was performed in the early 1990s (26) . The authors reported that thyroid hormone deficiency delays the transition from immature tau to mature tau at a transcriptional level. However, there have been no subsequent reports on its effect at the protein level. On the other hand, thyroid hormone has been shown to affect tau phosphorylation at two sites, Ser-199 and Ser-422 (27) . Thus, the effect of thyroid hormone on developmental changes in the isoforms and the phosphorylation of tau are investigated separately. In addition, even in the normal developmental changes of the isoforms and phosphorylation, most previous studies have been performed independently, and it is unknown whether they are coupled. In this study, we examined the relationship between the changes in tau isoforms and phosphorylation during brain development of normal, hypothyroid, and human 3R or 4R knockin mice using 3R-or 4R-specific antibodies for tau isoforms and Phos-tag SDS-PAGE for tau phosphorylation.
Results

Expression of 3R and 4R tau in mouse brain during postnatal development
To investigate the developmental regulation of tau expression in mouse brains, we first examined the expression levels of tau in the cerebral cortex from postnatal day 5 (P5) to P30 by immunoblotting with Tau5, the antibody that recognizes total tau ( Fig. 1A, Tau5 ). Tau5 reactivity showed biphasic changes in expression; the expression increased ϳ31% from P5 to P12 followed by a decrease by ϳ60% at P18 and then a gradual decrease until P30 ( Fig. 1A, lower panel) . A minor tau band above the major tau that appeared at P9 and P12 was highly phosphorylated 4R tau ( Fig. 1A , arrowhead in the blot of Tau5) as described below.
To determine how tau isoforms change from 3R fetal tau to 4R adult tau, tau was probed with 3R-and 4R-specific antibodies, RD3 and RD4, respectively. To quantitatively measure the ratio of 3R and 4R isoforms in total tau, we adjusted the total tau protein in samples using Tau5 antibody (Fig. 1B, Tau5) . The immunoblot analysis with RD3 demonstrated that 3R tau was highly expressed at P5 and P9 and then decreased until P21 ( Fig.  1B, RD3, green) . In contrast, 4R tau increased from P5 to P18 and then showed a constant expression at least until P30 ( Fig.  1B, RD4 , red). A merge of RD3 and RD4 is shown in the fourth panel of Fig. 1B . 4R tau appeared above the 3R tau band at P5 (as described above in Fig. 1A ) and gradually increased the electrophoretic mobility to almost the same position of 3R tau as the ratio increased ( Fig. 1B , Merge). 4R tau above 3R tau at P5 should be highly phosphorylated. Because a major band of 3R and 4R tau showed the same electrophoretic mobility in SDS-PAGE, their discrimination would require the use of isoformspecific antibodies. Because we adjusted the immunoreaction of RD3 and RD4 with recombinant mouse tau to those with Tau5 ( Fig. S1 ), we could measure the ratio of 3R or 4R tau in total tau directly by calculating 3R tau or 4R tau/(3R tau ϩ 4R tau) (Fig. 1B, bottom panel) . The decrease in 3R tau and increase of 4R tau started at P5 and was almost complete at P18, and 3R or 4R tau showed a 50% decrease or increase, at around P12. The changing patterns of 3R and 4R tau isoform show a mirror image of each other, which confirms that the protein expression of 3R and 4R tau exactly follows the alternative splicing of tau mRNA.
Both 3R and 4R tau generate three isoforms with a different number of N-terminal insertions, 0N, 1N, and 2N (5) . To examine which isoform is expressed at postnatal and adult stages, tau was dephosphorylated and compared with recombinant 0N3R, 0N4R, and 1N4R tau by immunoblotting with RD3 or RD4 (Fig. 1C ). Dephosphorylation by alkaline phosphatase (ALP) increased the mobility, which resulted in two or three sharp bands depending on the postnatal day. 2N4R tau was confirmed by comparing with human tau 6 isoforms ( Fig. S1B ). Mouse tau is 9 amino acids shorter than the corresponding human tau isoform. At P5, 0N3R tau was mainly expressed. Nearly equal amounts of 0N3R and 0N4R tau were expressed at P15. At P90 in adult animals, 1N4R and 2N4R became expressed, although the amount was less than the amount of 0N4R (Fig. 1C ).
Phosphorylation profiles of 3R and 4R tau in developing mouse brains
Previous studies on tau phosphorylation in developing brains used a repertoire of anti-phosphotau antibodies (17, 21) . These studies provided information on the relative change in phosphorylation at respective sites, but it is difficult to gain insight on the total phosphorylation states. Here, we exploited the Phos-tag method to analyze tau phosphorylation profiles and levels. Phosphorylated proteins are shifted upward dramatically and are separated depending on the extent and sites of phosphorylation during Phos-tag SDS-PAGE (28 -30). . Rec-mtau is recombinant mouse tau (1N4R, 0N4R, and 0N3R). The quantification of tau is shown at the bottom. The ratio of tau to that at P5 is represented as the mean (n ϭ 3). Error bars represent S.E. B, the percent ratio of 3R and 4R tau expressed in mouse brain from P5 to P30. The amount of tau was normalized with Tau5 (top). Immunoblots with the 3R tau-specific antibody RD3 and the 4R tau-specific antibody RD4 are shown in green and red, respectively. The merge of 3R and 4R tau is at the bottom. The ratio of 3R and 4R tau, RD3 or RD4/(RD3 ϩ RD4), is quantified and shown below as the mean (n ϭ 3). Error bars represent S.E. C, analysis of tau isoforms after dephosphorylation with ALP. The extracts of cerebral cortex at P5, P15, and P90 were treated with (ϩ) or without (Ϫ) ALP at 37°C for 4 h and immunoblotted with Tau5, RD3, and RD4. The left lane is recombinant mouse tau (Rec-mtau).
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shows the banding patterns of tau in developing mouse brains probed with Tau5 for total tau, RD3 for 3R tau, and RD4 for 4R tau in immunoblots after Phos-tag SDS-PAGE. The applied tau was normalized by respective antibodies. Recombinant nonphosphorylated mouse tau is included in the left lane to indicate the position of nonphosphorylated tau and the specificity of the immunoreaction. Tau was separated into many bands in Phostag SDS-PAGE when probed with any of Tau5, RD3, and RD4 antibodies, indicating that tau, either 3R or 4R, is present as a number of different phosphorylation states (phosphoisotypes) in brains. Tau bands, all at P5 and most at P21, were detected in the region above nonphosphorylated recombinant tau on the blots, indicating their phosphorylation. A downward shift was clearly observed with 3R tau from P9 to P18 (Fig. 2, RD3 ), indicating that 3R tau is dephosphorylated gradually over this period of time. The nonphosphorylated band was also detected after P18 ( Fig. 2 , arrowhead in RD3), and phosphorylation levels became constant after P21. 4R tau was also found to be shifted upward at P9, and a fraction moving faster was increased at P12 and P18 ( Fig. 2A, RD4 ). However, the increase in the downward shift appeared smaller than that of 3R tau. These results reveal for the first time that 3R and 4R tau are phosphorylated differently during brain development as observed via the combinatory use of Phos-tag and 3R/4Rspecific antibodies.
The conversion of the isoforms and phosphorylation appeared to occur at the same time during development. In particular, this was clear with the decrease in 3R tau ( Fig. 1B ) and its dephosphorylation ( Fig. 2A, RD3 ). To definitively demonstrate this theory, we defined the center of phosphorylation mass as a parameter that represents the average of the overall phosphorylation of proteins composed of many phosphoisotypes. Practically, the center of phosphorylation mass was estimated as the average migration of phosphoisotypes separated by Phos-tag according to the method of the center of mass in ImageJ. The positions of the center of phosphorylation mass are marked in each lane of the blot with RD3 and RD4 ( Fig. 2A , asterisks). The plots indicate that the dephosphorylation of 3R tau proceeds almost identically with the isoform change ( Fig.  2B ). The degree of dephosphorylation seemed to be smaller in 4R tau than in 3R, although it proceeded in the same time course.
Regional differences in tau isoforms and tau phosphorylation in adult mouse brain
In contrast to humans in which both 3R and 4R tau are equally expressed in the adult brain (5, 9) , only 4R tau isoforms are expressed in adult brain of mice or rats (10) . However, particular brain areas known for neurogenesis have been reported to express 3R tau in adults (13) . We examined the phosphorylation states of tau in those areas (the hippocampus and olfactory bulb) compared with those of the cerebral cortex and cerebellum. Tau in those regions at P5 was also examined as a reference. The amount of tau was adjusted with Tau5 ( Fig. 3A , upper panel). Both postnatal and adult tau showed a similar electrophoretic mobility in Laemmli SDS-PAGE at a position between recombinant 0N4R and 1N4R tau ( Fig. 3A , upper panel). When tau was probed with RD3 and RD4 by immunoblotting ( Fig. 3A , lower panels), it was shown that tau at P5 was mostly 3R, and tau in adults at 3 months was mainly 4R in the four regions. 
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To identify tau isoforms with N-terminal insertions, we dephosphorylated adult tau with ALP. Tau5 detected three tau bands in every region, which would correspond to 0N, 1N, and 2N isoforms ( Fig. 3B , upper panel, ϩ). Their relative ratio was estimated by densitometric scanning (Fig. 3B , lower panel). 0N4R tau was most abundant in all four regions, accounting for ϳ80% of total tau in the olfactory bulb and ϳ60% in other regions. Interestingly, the relative ratio of tau isoforms with different N-terminal insertions was slightly different depending on brain regions, whereas the expression levels of the 1N4R and 2N4R isoforms were roughly equal in the cerebral cortex and hippocampus ( Fig. 3B , blue and green, respectively), and 2N4R expression was higher than 1N4R expression in the cerebellum (Fig. 3B, red) . In contrast, in the olfactory bulb, a band ahead of 0N4R tau on the electrophoretic mobility assay was detected in a higher amount than 1N4R and 2N4R tau ( Fig. 3B, purple) . This faster migrating band was shown to be 3R tau by blot analysis with RD3 ( Fig. 3C, left) . 3R tau in the olfactory bulb would be expressed in young neurons, which are continuously migrating into the olfactory bulb in the adult stage.
We analyzed the overall phosphorylation of tau in these regions using Phos-tag SDS-PAGE (Fig. S1C ). The phosphorylation states of tau were similar in the four regions at P5. In the adult brains, they were slightly variable; in particular, the olfactory bulb showed a slightly stronger reaction in the upper phosphorylation region with less of the nonphosphorylated tau than that in other regions ( Fig. S1C , arrowheads). This may be due to the 3R isoform expressed in those regions.
The conversion of tau from 3R to 4R is not affected by hypothyroidism
The conversion in tau isoforms and phosphorylation proceeded similarly during P5 to P18 (Figs. 1 and 2). One of the objectives in this study was to determine whether the switch of the isoforms is associated with the change in phosphorylation.
To separate these events, if possible, we used 2-mercapto-1methylimidazole (MMI), an inhibitor of thyroid hormone synthesis. Thyroid hormone is essential for normal brain development, and its perinatal deficiency causes developmental retardation (24, 25) . Furthermore, hypothyroidism is reported to delay the transition between 3R and 4R tau transcripts in the rat brain (26) . Hypothyroidism was induced in mice by administering MMI in the drinking water as described previously (27) . Its effect was seen by reduced body size and weight (Fig. S2 , A and B) as reported previously (27) . The growth rate recovered to that of control mice after P21 even with the continuous administration of MMI. Because the cerebellum is severely affected by hypothyroid conditions (31-33), we examined mainly the cerebellum of MMI-treated mice.
We observed the delay of brain development in mice treated with MMI through Nissl staining of frozen sections. Although brain size was smaller in MMI-treated mice, differences were not so obvious when whole brains were observed ( Fig. S3A ). It is reported that the hypothyroid condition affects the cerebellum by delaying the migration of granule cells from the outer granular layer to the inner granule layer and then the growth of the molecular layer (31) (32) (33) . We closely inspected the cerebellum cortex ( Fig. 4 ). As was reported previously, the outer granule layer was thicker and the molecular layer was thinner in the cerebellum of mice treated with MMI at P9 to P15. This delay disappeared after P18 when outer granule cells completed their migration to the inner granule layer. These results confirmed that the maturation of the cerebellar cortex is delayed by hypothyroidism.
The expression levels of total tau were not greatly changed by the MMI treatment in either the cerebral cortex or the cerebellum (Fig. S2, C and D) . The amounts of tau were adjusted with 
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Tau5 to estimate the relative ratio of 3R and 4R tau, and the results of the cerebellum are shown in Fig. 5 . The banding profiles of total tau were almost identical between control and MMI-treated mice ( Fig. 5A, upper panel, Tau5) . The expression levels of 3R and 4R tau were examined by immunoblotting with RD3 and RD4, respectively ( Fig. 5A , lower panels, RD3 and RD4). 3R tau began to decrease in protein amount and increase in electrophoretic mobility at P12. 4R tau began to increase in protein amount at P12 and continued to increase until P21. Thus, the switch between isoforms took place within P9 -P21 in the cerebellum and proceeded in a similar time course between control and hypothyroid mice. Although the disappearance of 3R tau appeared to be delayed slightly in hypothyroidism, this might be due to the effect of the phosphorylation on the banding patterns as described below.
We confirmed the above results by quantification of dephosphorylated tau (Fig. 5B ). Dephosphorylation made respective tau isoforms distinct. Four isoforms, 0N3R, 0N4R, 1N4R, and 2N4R, were expressed at P21. A faint band detected above 0N4R at P5 and P9 may be 1N3R. 2N4R appeared at P12, and 1N4R was slightly delayed at this time point. The expression levels of 0N3R and 0N4R tau were quantified ( Fig. 5B, lower  panel) . The decrease of 0N3R and increase of 0N4R proceeded almost similarly between control and MMI-treated mice. These results suggest that the splicing of tau is not affected markedly, at least at the protein level, by the hypothyroid treatment.
Hypothyroid treatment delays the transition of tau from high-to low-phosphorylation states
Next, we examined the effect of MMI on the phosphorylation of tau using Phos-tag SDS-PAGE. The 3R tau result is shown in Fig. 6A ; the transition of 3R tau from high-to low-phosphorylation states was observed at P9 to P15 in control mice (Fig. 6A,  upper) . In contrast, the transition was detected 3 days later, from P12 to P18, in MMI-treated mice (Fig. 6A, lower) . The results were confirmed with total tau (Tau5) and 4R (RD4) tau ( Fig. S4) , which also displayed a 3-day delay in the transition of phosphorylation states in MMI-treated mice. These results were unexpected but clearly indicate that the change in the phosphorylation status of tau is affected by hypothyroid treatment, which is different from the isoform change.
To analyze which phosphorylation sites on tau are affected by MMI, we first used AT8, a phosphospecific antibody frequently used for the detection of phosphorylated tau in AD, and Tau1 for nonphosphorylated tau at the AT8 sites. The AT8 sites were highly phosphorylated in postnatal tau until P12, and the phosphorylation levels greatly decreased at P15 in control mice, consistent with a previous report (21) . In contrast, in hypothyroid mice, the high phosphorylation state continued until P15 ( Fig. 6B, AT8 ). This delay in the transition was confirmed by immunoblot analysis with Tau-1. The reaction to Tau-1 was opposite; Tau-1 increased from P15 in control mice, whereas the increase was detected only from P18 in MMI-treated mice (Fig. 6B, Tau1) . These results demonstrated that MMI delays the dephosphorylation event of tau at AT8 sites in the developing mouse brain.
The AT8 epitope results from phosphorylation at both Ser-202 and Thr-205. To identify which site determines the reac- 
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tivity to AT8 in the developing mouse brain, we used antibodies specific to each site, anti-phospho-Ser-202 (CP13) and antiphospho-Thr-205. The reactivity of both sites was decreased in a similar time course to the AT8 reactivity ( Fig. 6C ), indicating that both sites contribute to the reactivity of AT8 equally in developing mouse brains. Furthermore, MMI delays the dephosphorylation of tau at both Ser-202 and Thr-205 in a similar manner.
Phosphorylation of tau at Ser-199 and Ser-422 is affected by thyroxine T 4 in cultured cerebellum granule cells (46) . We examined their phosphorylation in mice treated with MMI.
Phosphorylation at Ser-199 was increased after P15 in control mice and was not affected by the MMI treatment (Fig. 6D) . In contrast, Ser-422 was phosphorylated at early postnatal days, showed decreased phosphorylation after P18, and was also not apparently affected by the MMI treatment (Fig. 6D) . We examined three additional sites, Thr-231, Ser-396, and Ser-404, to determine whether their phosphorylation was affected by MMI. These sites are reported to be phosphorylated independently of development (21) . The phosphorylation at these sites was not changed by MMI treatment (Fig. 6E) . These results indicate that hypothyroid conditions specifically affect the 
developmentally regulated phosphorylation of tau at the AT8 site.
We examined expression of tau in the cerebellum by immunocytochemistry. There has been only one report of tau immunostaining in developing mouse cerebellum (34) with the use of RD3 alone but not the other anti-tau antibodies used here. So, we first examined the specificity of the antibodies and determined the optimum staining conditions using mouse brain lacking tau as a negative control (Fig. S3B ). Tau5 staining indicated expression of tau mainly in the molecular layer, which consists of axons of granule neurons, with modest staining of the granular cell layer (Fig. 7) . The staining of the molecular layer with Tau5 increased in thickness gradually with development. Any anti-tau antibodies, either RD3 or RD4 and either AT8 or Tau1, mainly stained the molecular layer with some staining of inner granule neurons ( Fig. 7) , although the staining intensities were variable depending on the antibodies used. It was interesting to observe that AT8 and Tau1 stained the molecular layer complementarily at P12 such that AT8 stained the outer region of the molecular layer more strongly, whereas Tau-1 stained the inner region close to the Purkinje cell layer more intensely (Fig. 7 , higher magnification of AT8 and Tau1 at P12). This may represent the replacement of highly phosphorylated 3R tau with less phosphorylated 4R tau in axons of granule neurons.
Phosphorylation of knockin human 3R or 4R tau in mouse brain during postnatal development
The aforementioned results have already indicated that the developmental changes in splicing and the phosphorylation of tau are not necessarily linked. However, the changes in the expression levels of 3R or 4R tau hampered the analysis of phosphorylation. To properly compare the phosphorylation profiles on the same immunoblot membrane, we had to vary the protein amounts of the extracts in each lane depending on the expression levels of tau. We then used genetically engineered mice in which a single human tau isoform was knocked in. In this study, heterozygotes that expressed both human tau and mouse endogenous tau were used. The results of mice expressing human 0N3R tau are shown in Fig. 8, A and B . Human 0N3R tau was detected with the Tau12 or HT7 human tau-specific antibody, whereas 4R mouse tau is shown for comparison by probing with RD4. When normalized with actin, endogenous 4R mouse tau showed an increase from P5 to P10 and exhibited constant expression until P20, although it decreased slightly toward P90 (Fig. 8A, lower panel) . In heterozygous mice, the change of mouse tau from 3R to 4R took place normally. In contrast, human 3R tau appeared with relatively constant expression until P90 (Fig. 8A, upper panel, Tau12) . To confirm this result, we dephosphorylated human 3R tau with ALP ( Fig.  8A, second panel, HT7) and quantified its expression ( Fig. 8E) . Indeed, the amount of human knockin 3R tau increased during early postnatal days. We do not know the reason why knockin tau showed an increased expression in contrast to the decrease in mouse endogenous tau. The phosphorylation state of human 0N3R tau was analyzed by Phos-tag SDS-PAGE. The decrease in the phosphorylation state was detected by the increase in the mobility during P10 to P15 (Fig. 8B ), a similar time course of mouse tau. The results confirm that the phosphorylation and isoform changes are independently regulated during development.
We next examined the phosphorylation of human 4R tau in mouse brains at P5 and P20. When normalized to actin, the expression of endogenous 3R tau was reduced at P20 as in wildtype mice (Fig. 8C, RD3 ). Knockin 4R tau was expressed at a similar level between P5 and P20 (Fig. 8C, upper panel, Tau12) . To confirm this, human knockin 4R tau was estimated after dephosphorylation by ALP ( Fig. 8, C, second panel, and E) . Knockin 4R tau was increased at P20. Phosphorylation levels of knockin 4R tau were again examined by Phos-tag SDS-PAGE ( Fig. 8D ). Knockin 4R tau was highly phosphorylated at P5 when endogenous 3R tau was highly phosphorylated and was low at P20 when endogenous 4R tau phosphorylation was low. However, it is known from the Phos-tag banding patterns that only a part of 4R tau has remarkably reduced phosphorylation; the upper bands at P5 disappeared (Fig. 8D, bracket in the P5  lanes) , and the lower bands appeared at P20 (Fig. 8D, bracket in the P20 lanes). Most 4R tau showed migrations at the area that overlapped the migration of 4R tau at P5, although the banding patterns were different, suggesting that phosphorylation sites are altered between P5 and P20. 
Developmental regulation of tau isoforms and phosphorylation
Phosphorylation levels appeared to be different between 3R and 4R tau, particularly at P20. The phosphorylation intensity of the faster migrating bands of 3R and 4R tau was different, strong in 3R versus weak in 4R tau (Fig. 8, B and D) . We compared it with the center of phosphorylation mass (Fig. 8F) . Although the phosphorylation levels of 3R and 4R tau at P5 were close, they were different at P20 when the phosphorylation levels of 4R tau were higher than those of 3R tau.
Discussion
Tau switches its isoform from 3R to 4R and the phosphorylation states change from high to low in the mouse brain during development (10 -12, 16, 21, 34) . However, it is not known whether these two events are linked biochemically or physiologically. Here, we investigated their relationship and found that they are regulated differently, although they proceeded in a similar time course in mouse brains during postnatal weeks 2-3, an important developmental stage for neuronal circuit formation under the influence of external stimuli (23) . We also found for the first time that 3R and 4R tau are phosphorylated differently in brains both at early postnatal days and after maturation, suggesting the different role and regulation of isoformdependent phosphorylation.
4R tau, with one MTB more than 3R tau, has stronger MTstabilizing activity than 3R tau (6 -8) . Phosphorylation also reduces tau's ability to stabilize MTs (3, 4, 35, 36) . Therefore, highly phosphorylated 3R tau should be considerably weaker in MT-stabilizing activity than less phosphorylated 4R tau. In other words, MTs with 3R tau in fetal/perinatal brains are highly dynamic compared with those with 4R tau in adult brains. Considering the function of MTs in neuronal plasticity (8) , it is crucial to understand the regulation mechanism of these developmental conversions. One can easily speculate that isoform changes by alternative splicing constitute the major regulation with the posttranslational phosphorylation as a modulator. It is not known, however, how these two distinct regulatory systems cooperate in developing brains or whether these two regulations proceed together. An alternate possibility is that 3R and 4R tau are intrinsically phosphorylated differently; 3R is highly phosphorylated, and 4R is less phosphorylated. To explore their respective functions, we intended to distinguish their regulation mechanisms.
It is reported that neonatal tau is exclusively expressed as 3R, and only 4R tau is expressed in adults (10, 11) . Our detailed biochemical analysis revealed that highly phosphorylated 3R tau was gradually decreased in amount and phosphorylation levels from P9 to P18 in parallel with the increased ratio of less phosphorylated 4R tau. However, 4R tau expressed at low levels at P9 was more phosphorylated than adult 4R tau, and a residual amount of 3R tau detected after P21 was less phosphorylated than neonatal 3R tau. These results were confirmed with knockin human tau, which was expressed as a single isoform, 3R or 4R, in mouse brain. In these mice too, phosphorylation levels of both 3R and 4R human tau were high at P5 and lessened at P20. Thus, phosphorylation status is not necessarily associated with the isoforms but rather determined by the developmental stages, suggesting that there must be a yet unidentified developmental reaction that changes phosphorylation levels of tau at the same time as the isoform change.
Alternative splicing of tau takes place at the pre-mRNA stage in the nucleus, whereas phosphorylation of tau occurs in the cytoplasm after translation. Nonetheless, both changes proceeded under the same time course during development. The next question that has arisen is whether these two events occur coincidently at the same time or are regulated under the same signaling pathways. The alternative splicing of tau pre-mRNA shows endogenous mouse 4R tau in the same mice. Rec-htau is recombinant human six tau isoforms in the blots of Tau12 and HT7, and Rec-mtau is recombinant mouse tau in the blot of RD4. Actin is the loading control. B, phosphorylation states of human 3R tau assessed by immunoblotting with Tau12 after Phos-tag SDS-PAGE. The left lane is recombinant human six tau isoforms (Rechtau). White asterisks indicate the position of the center of phosphorylation mass. C, an immunoblot of knockin human 0N4R tau in the mouse (ϩ/h4rtau) brain in duplicate at P5 and P20 with anti-human tau Tau12 (upper) and an immunoblot with anti-human tau HT7 after dephosphorylation (middle). RD3 shows endogenous mouse 3R tau in the same mice. Actin is the loading control. D, phosphorylation of human 0N4R tau was assessed by immunoblotting with anti-human-specific tau HT7 after Phos-tag SDS-PAGE. Rec-htau is recombinant human tau isoforms. White asterisks indicate the position of the center of phosphorylation mass. E, expression levels of knockin human 3R (black circles) or 4R tau (white circles) in mouse brains quantified after dephosphorylation. The data are presented as the mean (n ϭ 3). Error bars represent S.E. F, the center of phosphorylation mass of 3R and 4R tau during brain development. Black circles are 3R, and white circles are 4R tau. The data are presented as the mean (n ϭ 3; ***, p Ͻ 0.001). Error bars represent S.E.
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has been studied in relation to the balance between 3R and 4R tau in AD and frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP-17) (37) . Many intron mutations in the MAPT tau gene have been found in FTDP-17, and they are reported to increase the expression ratio of 4R tau (37, 38) . It has been shown that the splicing in or out activity of exon 10 is regulated by the phosphorylation of serine/arginine-rich (SR) proteins in the spliceosome (39) . Although there are protein kinases that are relatively specific for SR splicing proteins, such as SR protein kinase or Cdc-like kinase (CLK/Sly) (38, 39) , several tau protein kinases, including GSK3␤, DYRK1, and PKA, are also reported to regulate the splicing of tau pre-mRNA by phosphorylating the particular splicing proteins (40 -44) . Although their involvement in the developmental regulation of tau isoforms has not been investigated, some of these protein kinases could regulate both the splicing of tau pre-mRNA and the phosphorylation of tau protein. In particular, the kinase activity of GSK3␤ and Dyrk1A is developmentally regulated (21) . These kinases are known to phosphorylate the AT8 site (3, 20) , the phosphorylation of which was changed at the time of the isoform change. Thus, the question was whether the two events were regulated together as downstream effects of one of those kinases. Our present results demonstrate that hypothyroidism dissociated the splicing and phosphorylation, indicating that they are regulated independently.
The decrease in total phosphorylation, but not in the conversion of the isoforms, was delayed in mice treated with MMI. This was unexpected for us because it was reported that hypothyroidism delayed the transition between immature (3R) and mature (4R) tau transcripts (26) . However, having looked at their data closely, we noticed that hypothyroid conditions delayed the disappearance of immature (3R) tau mRNA but did not affect the timing of the reduction of 3R tau mRNA or the beginning of 4R tau mRNA expression (26) . We did not detect the delay in the disappearance of 3R tau when measured after dephosphorylation (Fig. 5B) . The slight delay of the disappearance of 3R tau mRNA might not be apparent at protein levels. There is also a recent report that described no effect of hypothyroid conditions on the splicing of tau pre-mRNA in differentiating granule cells in the adult mouse hippocampus (45) . Accordingly, the effect of hypothyroid conditions on the transition of tau isoforms would be limited. On the contrary, hypothyroidism delayed the transition of total phosphorylation from high to low. There is only one report that describes the effect of thyroid hormone on tau phosphorylation. Thyroxine T 4 affected the phosphorylation of tau at Ser-199 and Ser-422 in cerebellar granular neuron culture (46) . We also examined the developmental changes of tau phosphorylation at Ser-199 and Ser-422. Their phosphorylation behaved differently; Ser-199 phosphorylation increased after P15, whereas Ser-422 phosphorylation decreased. These results in control mice are in agreement with the data by Yu et al. (21) . However, the hypothyroid treatment did not affect the changes in phosphorylation at these sites. It is possible that in vivo chronic depletion and acute addition in cultured cells may regulate the tau kinase activities differently.
An interesting finding is the difference in phosphorylation between 3R and 4R tau in mouse brains. Some reports indicate the existence of isoform-dependent phosphorylation in vitro (47) . However, this is the first in vivo evidence showing their different, i.e. not identical, phosphorylation. The results could be obtained for the first time by using a combination of Phostag and 3R-or 4R-specific antibodies. Previous studies using anti-phosphospecific antibodies could not discern 3R and 4R tau because the phosphorylation sites are commonly shared between them (3, 15, 45) . The different banding patterns of 3R and 4R tau were not due to the different antibodies used, RD3 versus RD4. A similar result was obtained by immunoblotting human 3R and 4R knockin tau with a single anti-human tau antibody after Phos-tag SDS-PAGE. Furthermore, although 3R tau changed phosphorylation states dramatically at P9 -P12, only a subpopulation of 4R tau showed a downward shift with the major portion keeping constant phosphorylation levels. In this study, however, we have not yet identified the phosphorylation sites which differ between 3R and 4R tau. The significance of this potential difference will have to wait for their identification. We have detected the different phosphorylation states of 3R and 4R tau overexpressed in cultured cells. 3 The expression of a single isoform in cultured cells will be useful to identify isoform-specific phosphorylation because the phosphorylation profiles are similar in cultured cells and mouse brains (48) .
For the identification of isoform-specific function, the expression of a single tau isoform would also be appropriate. Using a purified single tau isoform, it was shown in vitro that 4R tau has a higher MT assembly activity than 3R tau (6 -8) . At the cellular and in vivo levels, however, the isoform-specific function has not been clearly demonstrated yet, probably because their subtle difference would be obscured by other MT-associated proteins expressed. The conversion of tau isoform from 3R to 4R takes place during postnatal weeks 2-3 when neuronal circuit formation is ongoing (23) . Therefore, it has been speculated that the isoform alteration represents the change of MT dynamics accompanying the establishment of the neuronal connection. However, we showed here that hypothyroidism did not affect the timing of the isoform exchange even though it delayed cerebellar development such as differentiation, migration, and axon outgrowth of cerebellar granule neurons (Figs. 5 and 7), which could be MT-dependent. The isoform-specific function might not be involved in these developmental events previously speculated. Detailed analysis of mice expressing a single isoform, such as 3R or 4R tau knockin mice, would provide some indications on the 3R-and 4R-specific functions.
The high phosphorylation of fetal tau is often discussed in relationship to the abnormal phosphorylation of tau in AD (3, 15, 18, 47) . Many AD phosphorylation sites in tau are phosphorylated in fetal/perinatal brains. In fact, we recently showed that the phosphorylation of fetal mouse tau is similar to major phosphoisotypes of tau found in AD brains using Phos-tag (48) . The AT8 site appears to be particularly interesting; the site is frequently used for the histological diagnosis of AD and contributes to the high fetal/perinatal phosphorylation of tau. AT8 requires phosphorylation at both Ser-202 and Thr-205, and Tau1 recognizes the nonphosphorylated tau at the AT8 site.
Here, we showed that phosphorylation at both Ser-202 and Thr-205 was reduced at the same time of isoform change at P12-P15 and was affected by hypothyroid conditions (Fig. 6 ). AT8 and Tau1 stained the molecular layer of cerebellum complementarily at P12 (Fig. 7) , suggested that phospho-3R tau localizes to the more distal region of axons, and nonphospho-4R tau localizes in the proximal region. Axons in the molecular layer run in parallel, suitable for observation of axonal MTs (49) . We reported previously that the phosphorylation at the AT8 site increased the inter-MTs spaces and then suppressed the mitochondrial transport in axons by expressing a non-phosphorylatable Ala or phosphomimetic Asp mutant of 4R tau in primary neurons (50). The phosphorylation at the AT8 site appeared to alter the conformation of tau to extend the N-terminal projection domain into the inter-MT space, leading to the reduced flexibility of MT's lateral movements that would result in reduced mitochondrial movements. It would be interesting to compare the inter-MT distance in molecular layer axons during postnatal development in control and hypothyroid mice. Additionally, Ser-202 and Thr-205 are proline-directed protein kinase phosphorylation sites. Although several proline-directed protein kinases, including cyclin-dependent kinase 5 (Cdk5), GSK3␤, JNK, and Dyrk1A, have been shown to phosphorylate these sites in vitro (3, 15, 45) , in vivo AT8 kinases are still under examination. Furthermore, it is not known how the AT8 sites are hyperphosphorylated in AD brains. We think that the identification of the responsible kinase, the activation of which should be affected by MMI, is possible. In the future, it may be intriguing to investigate the developmental role and regulation of AT8 site phosphorylation in relation to the effect of hypothyroid conditions or AD hyperphosphorylation.
Experimental procedures
Antibodies and chemicals
Primary antibodies used in this study are listed in Table 1 . Anti-actin was from Sigma-Aldrich. Phos-tag acrylamide, bacterial alkaline phosphatase, and 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride (Pefabloc) were from Wako Chemicals (Osaka, Japan). MMI was purchased from Sigma-Aldrich. The ABC staining kit was obtained from Vector Laboratories (Burlingame, CA).
Animal experiments
All animal experiments were performed according to the guidelines for animal experimentation of Tokyo Metropolitan University and Doshisha University (in accordance with the Society for Neuroscience Guidelines). The study was approved by the Research Ethics Committee of Tokyo Metropolitan University (approval number A27-45) and Doshisha University (approval number A16070). All efforts were made to reduce the suffering of animals used. Pregnant mice of the ICR strain were purchased from Sankyo Lab Service (Tokyo, Japan). Human tau knockin mice were developed by inserting human cDNA and floxed PGK-Neo poly(A) cassette in the same region as in the previous tau knockout mice (51) . Namely, the knockin mice were developed by in-frame insertion of human cDNA for 0N3R or 0N4R isoforms followed by the rabbit ␤-globin poly(A) signal sequence from the mouse endogenous start codon in the first coding exon. Floxed PGK-Neo poly(A) was inserted after the human tau cDNA. The mice were housed in cages of two to five littermates with access to food and water ad libitum in an environment subjected to a 12-h light/dark cycle in the animal facility of the Tokyo Metropolitan University and Doshisha University.
Hypothyroid treatment was performed according to the protocol described previously (27) . Six pregnant animals were used for each control and hypothyroid group. Mice in the hypothyroid group were rendered hypothyroid by administering 0.025% (w/v) MMI in drinking water to their mothers from the 15th day of conception.
Preparation of mouse brain extracts
Cerebral cortices, hippocampus, cerebellum, and olfactory bulb were dissected from mouse brains and immediately homogenized in 10 mM HEPES, pH 7.4, 0.8 M NaCl, 2 mM MgCl 2 , 1 mM EGTA, 10% sucrose, 10 mM NaF, 10 mM ␤-glycerophosphate, 0.4 mM Pefabloc, 10 g/ml leupeptin, and 1 mM dithiothreitol with a Teflon-glass homogenizer. After centrifugation at 15,000 ϫ g for 20 min, the supernatants were used as the extracts.
For the dephosphorylation of tau, brains were homogenized in 50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 0.1% sucrose, 2 mM MgCl 2 , 1 mM EGTA, 0.4 mM Pefabloc, 10 g/ml leupeptin, and 1 mM dithiothreitol with a Teflon-glass homogenizer on ice 
Developmental regulation of tau isoforms and phosphorylation
immediately after dissection (53) . Dephosphorylation of tau in brain extracts was performed as described previously (48) . The supernatants of the centrifugation at 15,000 ϫ g for 20 min were dephosphorylated with 100 units/liter Escherichia coli alkaline phosphatase for 4 h at 37°C. The reactions were stopped by boiling for 5 min at 100°C.
Histology and immunocytochemistry
Brains of control and MMI-treated mice were fixed by cardiac perfusion with saline followed by ice-cold 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS), pH 7.4, under deep anesthesia with isoflurane. The brains were dissected, immersed in the fixative overnight, and transferred to 15% and then 30% sucrose in 20 mM phosphate-buffered saline, pH 7.4, until they sank. The brains were frozen in crushed dry ice, and 20-m-thick sagittal sections were cut in a Cryostar NX70 cryostat (Thermo Fisher). The free-floating sections were kept in PBS at 4°C to process for immunohistochemistry (52) .
For high-sensitivity detection, free-floating brain sections were autoclaved at 105°C for 10 min and treated with formic acid for 10 min. Sections were then incubated with 0.5% H 2 O 2 in methanol for 30 min to inactivate endogenous peroxidases, blocked with 10% calf serum in PBS for 20 min, and incubated overnight with appropriate antibodies, Tau5 (1:200), anti-RD3 (1:500), anti-RD4 (1:200), AT8 (1:100), or Tau-1 (1:5000), diluted with 20 mM PBS containing 5% normal goat serum. After incubation with the biotinylated secondary antibody for 2 h, labeling was detected using the ABC staining kit with 0.1% 3,3-diaminobenzidine. Slides were coverslipped with mounting medium. Images were observed with an all-in-one microscope/ digital camera (BZ-X710, Keyence, Osaka, Japan).
Expression and purification of recombinant tau
Recombinant human tau (0N3R, 0N4R, 1N3R, 1N4R, 2N3R, and 2N4R) and mouse tau (0N3R, 0N4R, and 1N4R) were synthesized in E. coli cultures and purified as described previously (48) . Protein concentration was determined by Coomassie Brilliant Blue staining of the polyacrylamide gels using bovine serum albumin as a standard.
SDS-PAGE, Phos-tag SDS-PAGE, and immunoblotting
Laemmli SDS-PAGE was performed using 10% (w/v) polyacrylamide gels, and Phos-tag SDS-PAGE was performed using 7.5% (w/v) polyacrylamide gels containing 50 M Phos-tag acrylamide and 150 M MnCl 2 as described previously (28 -30) . For immunoblotting, the proteins separated in the gel were transferred to a PVDF membrane (Merck Millipore) using a submerged blotting apparatus and then visualized with enhanced chemiluminescence detection kit reagents (GE Healthcare). The immunoreaction was captured with a FUSION SL apparatus (Vilber Lourmat, Wembley, Australia).
Estimation of center of phosphorylation mass
To define the overall levels of phosphorylation, we introduced the concept of "center of phosphorylation mass." The center of phosphorylation mass represents the average of the phosphorylation states of proteins phosphorylated at multiple sites. The proteins are separated into many bands depending on the number and sites of phosphorylation by Phos-tag SDS-PAGE, and the center of phosphorylation mass is the average position of the separated bands. It is calculated by the method of center of mass with ImageJ and represented as the ratio of the average position to the total span of the separated bands along the electrophoretic direction.
Statistical analysis
The band intensity and banding profiles of phosphorylated tau separated by Phos-tag SDS-PAGE were analyzed with ImageJ (64-bit) software. The means Ϯ S.E. were obtained from more than three independent experiments.
